ST—MS 071

Space Technol. Vol.00,No. O, pp. 000-000, 1995
Copyright © 1995 Essevier Sciénce L
printed in Great Britain. All rights reserved

0892-9270(95)00027-S
0S92-9270/95 S9.50 + 0.00

(@ Pergamon

TOPEX/POSEIDON MISSION: GLOBAL MEASUREMENTS
OF SEA LEVEL AT UNPRECEDENTED ACCURACY*

and LEE- G FU

Jet Propulsion Laboratory, California Ingtitute echnology, 4800 Oak Grove Drive, M/S 264-686,
Pasadena, CA 91109, U.SA.

A

CHARLES A. YAMARONE ?,\EDWA}{D J. CHRISTENSEN

Abstract—This paper describes the TOPEX/POSEIDON mission, ajoint project between the United
States and France with particular emphasison measurement capabilities andperformance. The satellite
has provided unprecedented measurements of global sea level since it was launched on 10 August 1992
from Kourou, French Guiana with an Arianespace 42P launch vehicle. TOPEX/POSEIDON is compri,;v://

of two microwave radar altimeters, a microwave radiometer, and three precision tracking systems wh Ahat
combine to produce an overall global sea level measurement of less than 5 cm. Tire accuracy of the
measurement is attributed to_the design and implementation of: the satellite and its instrument
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1. BACKGROUND

The TOPEX/POSEIDON mission, a joint French/
U.S. collaborative effort, is obtaining space-borne
measurements of the ocean circulation with radar
atimetry and with sufficient accuracy, precision, and
repeatability to provide a data set that will allow a
new understanding of the world’'s ocean circulation.

The first satellite altimeter specifically designed for
establishing the Sproof; offoncept, of such measure-

science teams (which were eventually combined into
one Joint Science Team) established science require-
ments and outlined science plans that would be
established for conducting experiments. The science
and engineering teams then established the technical
definition of the mission, which included the sensor or
instrument complement, satellite definition, orbit
definition, launch vehicle requirements, and associ-
ated ground systems support, including the mission

« pee ! design and mission operation:plans: As a result of X
ments from space was flown on the Seasat in 1978.  the Scasat altimetric performa c;?\m clear that
Due to the results of Seasat and other subsequent any Seasat-like mission wo cquire precise o — X

altimetric missions in the 1980s, the United States
and France started establishing plans for a spccifrc
mission tailored to optimize the study of ocean
circulation. Initialy, the Science Working Teams
(SWT) and project engineering teamsfQ in the two
countri were proceeding independentl y—the
proposed U.S. mission being caled the ocean
Topograpby Experiment (TOPEX) a thé ‘Rench
?ﬁf.:;ﬁ as caled” POSEIDON. By 8‘3;@;@ nt

g wés initiated between the Uni tates’
National Acronautics and Space Administration
(NASA) and France's Centre National d’Etudes
Spatiales (CNES) reasoning that ajoint mission had
the greatest probability y of approval and success. This
combined effort between France and the United
States was called TOPEX/POSEIDON. From 1983
until the TOPEX/POSEIDON mission was approved
by both NASA and CNES in fiscal year 1987, the

® Paper 1AF-94-B-6-11 3 presented at the 45¢h Congress of
the International Astronautical Federation, Jerusalem,
Israel, 9-14 October, 1994

knowledge of the satellite orbit in spacefand, aspart o

of that, knowledge of the gravity field;was-ke So
during these years prior to launch, a strong effort to
improve the gravity field knowledge was undertaken
primarily at Goddard Space Flight Center (GSFC)
and the University of Texas at Austin, under the
sponsorship of the TOPEX/POSEIDON project,
Today’ s results, which include a aca-level measure-
ment of less than 5 cm, can be attributed, to a
significant degree, to this pre-launch focus on
improving the gravity field knowledge.

The collaborative mission has both NASA and
CNES sponsoring a joint Science Working Team
having selected complementary science investi-
gations. NASA and CNES have conducted a joint
verification effort, which took place within 7 months
after launch. Both NASA and CNES perform pre-
cision orbit determination and process data from
their respective payloads of the satellite. All data
have been exchanged and complete data sets, which
contain all data derived from NASA and CNES
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instruments, are provided to al science investigators.
CNES provided a dedicated Ariane 42P, which
launched the TOPEX/DSEIIDN satellite into its
orbit. CNES aso provi set of POSEIDON
instrumentation, namely,-the solid-state altimeter
(SSALT) and the Dopper Orbitography and
Radiopositioning Integrated by Satellite (DORIS)
tracking system. NASA has provided the satellite bus
and TOPEX instrumentation, which includes a two-
frequency radar atimeter, microwave radiometer,
laser retroreflector assembly, and experimental GPS
receiver. NASA provides the tracking data relay
system services to support command, control, and
data acquisition and conducts the mission operations.

2. MISSION OVERVIEW

On August 10, 1992, the United States and France
launched their joint TOPEX/POSEIDON satellite
from Kourou, French Guiana, on an Ariane 42P
launch vehicle. Since then, the satellite has been
measuring, with unprecedented accuracy, the height
of the sea surface relative to the Earth’s center of
mass on a global basis every 10 days. The satellite
was designed for a minimum lifetime of 3 years, with
the possibility of going to § years. Due to the success
of the mission, NASA is planning to fund the oper-
ation of the satellite for a total of 6 years. Thisis the
first satellite altimetry mission specifically designed
and conducted for the study of ocean circulation.
TOPEX/POSEIDON uses aradar altimeter system to
measure the height of the sea surface, which alows
the mapping of the topography of the oceans. ‘Ibis
mapping in turn is used for the study of theworld’s
oceans. Additionally these measurements are used for
the study of the oceans tides, as well as marine
geodesy and geophysics.

After launch on August 10,%4;%&5%““9 went
through a series of maneuver fadjtihents to place it
into its operational orhit. These six maneuvers placed
the satdllite into Hemeperati i i a
circulation orbit at an atitude of 1334 km, an incli-
nation of 66°, and a repeat period of 10 days.

The inclination and repeat period of the orbit
determine how the ocean is sampled by the satellite.
A major concern is aliasing the tidal signals into
frequencies of ocean-etrrrent variabilities. Incli-
nations that lead to undesirable aliased tidal frequen-
tics-such as zero, annual, and semi-annual—are to
be avoided, In order to determine the ocean tidal
signas from the atimetry measurement and sub
sequently remove thcm for the study of ocean circu-
lation, inclinations that make different tidal
congtituents aliased to the same frequency should
also be avoided. To satisfy these constraints and yet
cover most of the world's oceans, an inclination of
66° was selected.

For a single satellite mission, temporal resolution
and spatial resolution are in competition: the higher
the temporal resolution, the lower the spatial

resolution, and vice versa. A repeat period of 10 days
(9.916 days to be exact) was selected; it resulted in an
equatoria cross-track separation of 315 km.

To maximize the accuracy of orbit determination,
ahigh orbit atitude is preferred because of reduced
atmospheric drag and gravity forces acting on the
saellite.

To satisfy this requirement, an altitude of 1334 km
was selected. Since then, great care has been taken by
the mission operations personnel at the Jet Propul-
sion Laboratory (JPL) to maintain an orbit which, in
10 days, provides complete ocean global Coverage
and has repeat tracks w\?l km. After insertion
into the operatiozeb' [N nienance Maneuvers are
required to maint ei -1 km ground track every
10 days. Six maintenance maneuvers have been per-
formed during the first 2 years. The average time
between these maneuvers was 117 days. The pre-
launch requirement was 30 days & , to mini-
mire perturbations to the precise oré%rtnermi nation
process. This performance by fligh ration, par-
ticularly the navigation team, is another example of
operational sengitivity to the overall measurements
required of TOPEX/POSEIDON and another posi-
tive contributing factor to the success of
TOPEX/POSEIDON during these first 2 years. After
a successful verification process, concluding in Febru-
ary 1993, the mission has been providing global
sea-level measurements with less than 5 cm (rms) of
error since May 1993.

3. SENSORS

One of the key factors contributing to the success
of the mission was the origina mission design, which
provided for an instrumentation set that minimizes
the errorsin the altimetric measurements and all the
collaborating measurements. There are six science
instruments in the mission payload, four provided by
NASA and two by CNES. These instruments are
divided into operational and experimental sensors as
follows:

(1) Operational sensors
(a) Dual-Frequency Radar Altimeter (ALT)
(NASA)
(o) TOPEX Microwave Radiometer (TMR)
(NASA)
(c) 1 aser Retroreflector Array (LRA) (NASA)

(a) Single-Frequency Solid-State Radar Altimeter
(SSALT) (CNES)

(b) Global Positioning  System Demonstration
Receiver (GPSDR) (NASA)

\inneous

- 'Y
The NASA altimefer, bperafes at 13.6 GHz (Ku- ”,

band) and 5.3 GHz (C-band) simultancously and is
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the prime instrument for the mission. The measure- | precise location of the satellite in space, three instru-
ments made by this instrument at the two frequencies | ments are carried on TOPEX/POSEIDON to con-
not only provide precise altimeter height measure; tribute to that objective. Two are operational
X ments Over the oceans, but alsodese-emsesepeisar | instruments and one is an experimental instrument.
X 5-fer the first order of errors caused by thcjonosphericf‘ The NASA ecisi&n"\orbil determination is derived
free electrons. The ALT also allows atotal electron | from the LA&kAjwhicy -interfaces with the satellite 4
content to be a by-product of the mission. The | laser-ranging stations“on the ground. The retrorefloc-
SSALT operates on a single frequency of 13.65 GHz | tor cube corners are mounted in trays around the
and is a solid-state low-power atimeter, which isthe | exterior of the altimeter antenna. This array provides
model for future altimeters for Earth observations, .. a bright retroreflector, which provides a strong signal
XX X Both the NASA altimeter’ and thé CNES altim éjlretum to the ground-based |aser receivers. The data
share a 1.5-m-diameter antenna. Only one altimc:gr'\ from the satellite laser network then provides an
is operated at any given time. This was facilitated | input to the precision o@gd’?enninaﬁon process. X
by having a predetermined altimeter sharing plan The prime source of the CNES-derived precision
agreed to by both CNES and NASA prior to launch. | orbit determination is provided by the French
Another key sensor that contributes significantly | DORIS tracking system. The DORIS system
to the precise measurement of the sea level is the | had been previously demonstrated successfully by .
microwave radiometer. This instrument uses 1] France’s SP< SP0T-2 mission. DORIS is composed of an_o 7" |~ ™\
measurement of sea-surface microwave ‘- ‘ghtngss. ardyard reegwer and a network ‘of 40-50 ground word
N temperature at three frequenci@s ( 2)sandran Ingransmitting stations, which provide all- her _ ;-
to correct for the total water-va tent in the ['global tracking of the satellite. The signals are trans-

atmosphere along the beam of the atimeter. This
provides a path-length delay correction in the
atimeter measurement that is due to water vapor.
Basically, the altimetric measurement is provided by
NASA’'s ALT and CNES’ SSALT.

A key parameter in determining the sea level from
space is the precise knowledge of where the satellite
islocated in space. This, called precision orbit deter-
mination (POD), is the measure of the satellite’s
orbital distance from the Earth. When this is com-
bined with the radar altimeter measurement, the
difference is the sea level, which is the primary
measurement of the mission. In order to know the
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third instrument that provides a data source for
precision orbit determination is the Global
Positioning System (GPS) Demonstration Receiver.
This experimental system has demonstrated that
highly accurate orbits can be derived frm the use of
the GPS system. The GPS precisiohi t-d ermi- <
nation system is a global differential GPS system that
usesthe@qg;dreceiver and a globa GPS tracking
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network with 14 stations. To date, the combination
of the instrument set of the ALT, SSALT, TMR,
LRA, DORIS, and the GPSDR havi ipported both

unch requirement of 13.3 cm. **

4. SATELLITE SYSTEM
) et
A major contributor to the measurements swh

TOPEX/POSEIDON has been making is the satethte.

The selection and design of the TOPEX/POSEIDON
satellite and instrument set, which operates at an
atitude of 1334 km, required instrumentation that
would survive and perform in a radiation environ-
ment that is significantly above what most Earth-
orbiting satellites endure. The satellite design also
provides a high degree of sensitivit y to the require-
ments Of the Precision Orbii-Determination Team.

of two elements, the Multimission Modular Space-
craft (MMS) and the Instrument Module (IM).

The MMS is a flight-proven NASA satellite bus,
which has a triangular cross-section, composed of
three subsystem modules-the Modular Attitude
Control System, the Modular Power System, and the
Command and Data Handling System arrayed on a
triangula r structure, with a propulsion module on the
end of the structure, Each subsystem module is
housed in a rectangular box about 1 m on a side and
0.5 m deep. A propulsion module is attached to the
end of the MMS bus, with an additional tank tucked
inside the triangular structure. Other elements of
the MMS include the pyrotechnic functions for
mechanical deployments, etc., and the ESAM, which
contains the Earth Sensor Assemblies (ESAs).

The mission-unique elements of the satellite are in
theIM. “I"he sensor electronics are mounted within

PPN the module, as are the solar array dye »ssembly and
«-TIDE GAUGE the control electronics for the :@3« in Antenna
(HGA) two-axis articulation. Mou

the solar array, the HG4¢and the low-gain antennas
* (Omnis) for telecommunications, and the Frequency
Reference Unit (FRU). The FRU is an ultrastable

. oscillator, which supplies a 5-MHz signd to the ALT

and other derived frequencies to other subsystems. A
special interface unit (IM1 U) is included to connect
these mission-unique designs to the standard MM S
data systern. The solar array is composed of four
3 x 2 m panels, and provides 2260 W of power after

X the radar altimetry and precision iitdtermination S yearsin orbit. It articulates about the — Y axis. The
N measurements to prowdla unpreadented measure-  HGA and the GPS receiver antenna are mounted on
vt ment of global sealevel qﬁessthan 5cm of uncer-  masts in order to avoid RF interference with the
/fi‘/b i tainty. This iS an extreme improvement ’e# the articulating solar array.
A measurement of sea level available to ocecanogragher (er
“he \x,«\e/ for deriving ocean circulation and is significantl * Attitude control

The satellite attitude is defined by fnodel of the
orbit (the ephemeris) carried in tig® &oard com-
puter (OBC). Once it is established by-using cx(crnal
references, the attitude is maintained by the inertial
reference unit. The errors* slowlybulld up in

this reference are removed by pencﬁnc spremen 13

of sun and star positions, from ﬁ%s (;B\n
sor, and the Advanced Star Trac

especuvely Since the “perfect” attltude isin the

model in the satellite, it was straightforward to

Table 1. Preliminary assessment of measurement accu -
racies (1 SIgMA va lues 1N cm)

esternally are( <TT 1)

@“ﬁw

- «uf'
A

Ca Fﬂuh%e//

This requires a high degree of knowledge of the - ____1 ALT __ Requirement

thermal condition of the satellite and knowledge of Allimeter range’ 19 ’0

the inclination of the solar panel with respect to the EM bias 20 2.0

Sun. This satellite design and implementation was Skewness 6-2 10

highly sensitive to providing a platform for the total e et 0 22

measurement required for TOPEX/POSEIDON. T w? ‘l{ophosphcrt 5 41.02_- L o~

otal alimeter range . ,
/.\ Satellite configuration gi‘g%ga’g :li'ggtgm 3; '122* <« -

The satellite is shown in Fig. 1, The satellite mass

“ Based on 1-s data rate and significant wave height

is about 2400 kg. It is about 5.8 m long, and consists
)

(SWH)» 2 m.

RS
ﬂ§%\
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Tabk 2. Eevor budget for Topgxlpg)smmor:orbin (Radia Orbit TOPEX/POSEIDON carries Earth  Sensor

= — ———  Assemblies, which are used early to establish the

specification estimate operational attitude control mode and whenever

Error source (© (cm) emergencies Might require them. In initial operations

Gravity 100 20 infiight, it was determined that the satellite was not

E{’iﬂ%ﬁggﬁ%@ g-g |2% pointing perfectly, as observed in atimeter and Earth

GM (Earth's gravitational : ' sensor data. Since all of the attitude sensor data

coefficient) 2.0 1.0 are referenced to the OBC ephemeris, the software

Rarth o 10 oocan fides 30 1.0 contains parameters that set the biases for each
roposphere 1.0 <10 . . .

Lo Y Station location 20 10 sensor. By using the model estimates, and adjusting

RSS absolutc error 128 35 thebiases anayticaly, a “best” set of parameters can

! Solar, Earth e nd thermat radiation.

include the geoid (the difference between the geo-
metric and geodetic Earth) in the model. Attitude
errors are removed by exciting the proper electromag-
netic torquer and thus creating a torque using the
Earth’s magnetic field to correct the error. The

be estimated to minimize the pointing error, including
the altimeter-sensed error. This was successfully done
in the initial verification operational period, as is
explained later.

Electrical power

In order to provide adequate electrical power to the
astellite subsystems, the satellite was designed to

X o@@oard parameters must be updated once a week. maintain the solar array normal to the Sun. The

Al GeiaT

Flg @Mﬂ nvddrcs-(cm)—@eeﬁnﬂd jAghcs are. swirls of water current thaﬁ are spun
off from aroam current or that are forced by wind; Whirpools are onc type of eddy. Ocean eddies may
‘persist for weeks or months, have diameters of tens to hundreds of kilometers, and extend to great depths
in the oceans. These currents play an important role in ocean circulation by transporting an enormous
amount of heat--as well as salt, nutrietsyand other chemical substances—in the oceans. For example,
floav el B eddm carry warm water from the equaue::r\) the poles. Eddies may be thought of as oceanic “weather”

— - “ and thus play a critical role in Earth’s climate and biogeochemical systems.
s Ihis i image, created from TOPEX/POSEIDON data, shows the locations of eddies and the average
! ~surface height changes they caused in Earth’s oceans over one full year, from September 1992 to
{ . 4&) Scmcmbcr 1993. The seale below the image indicates the size of typical changesin the height of the sea
surface in different regions.
L. = &I: greaieﬂ chang% in sea—surface height, over25 cm (indicated by white), correspond to the most rapidly
! ting eddiea. These occur mainly in regions where strong 0cean currents arelocated—including the Gulf

Stream Off the east coast of the United States, Kuroshio Off the coast of Japan, the Loop Current in the

Gulf of Mexico, the East Australian Current, the Aguthas Current south of South Africa, the convergence

of the Brazil Current and the Falkland Current off the central east coast of South America, and the
B Mozamblque Current between Madagascar and Africa. A chain of secondary highs c-an be seen north of

Antarctica, along the path of the Antarctic Circumpolar Current.

[ YAt {t
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Fig. 4 “Sea-surface height (cm). Ocean Seasons. These four maps arc based on observations of sea level
made by the Earth-orbiting TOPEX/POSEIDON satellite, during the four seasons from September 1992

{through August 1993. Eachmap represents a seasonal variation of sca level from its annual average.

, 'y temperate latitudes (10 50 degrees north and south), the seasonal sea-level change is dominated by

o th¢ heating and cooling of the upper layer of the oceans. The highest sealevel is observed in fall when
the temperature of the upper ocean layer is highest after the solar heating of summer. The lowest sea level

is found during the spring off the cast coast of the continents in the Northern Hemisphere, where the cold

continental winds, blowing from continent to occan during the winter. remove an enormous amount of

. oceanic heat. The average seasona sea-level change is about twice as large in the Northern Hemisphere

h : @s in the Southern Hemisphere. This is partly the resultof the larger oceanic aress in the Southern

e 1 Hemisphere, which moderate seasonal changes
+* s fIn'thetropics,, the sealevel is primarily controlled by wind. The zonal bands of high and low sea levels
' “adross the Pacific and Atlantic Oceans correspond to the seasonal variations of the equatorial counter-cur-
rent systems in response 10 the seasonal cycle of the equatorial trade winds. These castwind-flowing
currents reach their maximum strengths d>l/Jring November and minimum during May. The sea-level
change in the Indian Ocean is the most seasonal among the three oceans. As aresult of seasonal monsoon
N ! < Wi ndsp%u”cn}s of high and low sea levels Sheteare Jniirrorsima gcf can be seen 6 months apart. <
. ‘}x" {Tf]cSc firstglobal views of the Oceans‘ “four seasons™ are possible because 1OI'L)\/I’OSEIDON IS
fakasuring global sea-level variability with an unprecedented accuracy. After several years of observations,
oceanographers will, create a very precise description of the seasonal and year-fo-year changes in the

e Am Y
h

wit €O world-boean;surface circulation, Incorporating these dat into global ocean models will lead to a much
S better understanding of the oceans' role in climate change.

method selected for accomplishing this in a non-Sun-
synchronous orbit is to rotate the solar arraysin one
axis, and rotate (yaw) the satellite as the other degree
of freedom. The satellite’s attitude control conceptis
well suited to this, as the location of the Sun is well
known in the satellite orbit model. The precise array
(pitch) angleis controlled by the Solar Array Drive
Assembly (SADA), which employs a digital counter
to maintain the proper angle within 10.

The electrical power for the satellite on the night-
sidc of the Earth (occultation) is supplied by three
NASA gtandard Mickel-Cadmium batteries, which
are recharged during the Sun-lit portion of the orhit.
Recent NASA projects with M MS-based power sys-
tems have experienced problems in:flight with these
batteries, such that a special “TLC” management

strategy was adopted from launch on TOPEX/
PO SEIDON. Specific control of the charging profile
in the charge controller and off-setting the array pitch
angle to the Sun by about 50° are used to maintain
the peak charge current at less than 20A, and the
ratio of energy-in to energy-out to 10.5 4 3%. These

measures,and the fact that, for TOREXPOSEIBON, °

the power subsystem structure was designed with heat
pipes to maintain uniform battery temperatures;have
provided an environment in which the batteries have
behaved very well for the nearly 2 years of operation
to date.

Command and data handling

The satellite sensors acquire data continuously ata
rate of 16 kKb/s (including engincering and status

A
7

a

{.
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telemetry). These data are recorded oniboard and  strategy for doing thisis 4 function of the ground
replayed through the NASA Tracking and Data  data acquisition ser,vic(;é being used, as will be
Relay Satellites (TDRSs) three times each day. discussed later. /)

To provide data to the ground in all of the planned Satellite comman’ci/{g be accomplished With
modes of ground system operations, the satellite  real-time ground cgiyanc ex uted immediately on
acquires both the sensor data and the engineering and  the satellite, or 'Sy (on?board_stored commands con-
status data from the support subsystems in two  tained in the géboard) computer. Most planned
formatted data streams. The basic engineering data  sequence tasks/arc accomplished with the stored
arc provided in a | kb/s data stream. This stream can  scquenge. ¢ ¢
be provided to the ground as a separate channel, and Tvg}ir@oa;d “‘computer aso contains monitoring
also is embedded in the various 16 kb/s data streams  programs;, “which will detect out-of-tolerance con-
available. The satellite has three NASA Standard  ditions in attitude control, thermal, power, and
Tape Recorders on which all acquired data arc  opciational state functions, and will provide safing
recorded for later playback to the ground. The actions based on the problem detected.

Fig. S. ®cean dynamic topography -{cm). The ocean’s Dynamic Topography. The seas of Earth are in
constant motion. Large systems of highs and lows (similar to hills and valleys) develop in the oceans
surface as aresult of sea currents. These highs and lows arc permanent features of ocean circulation; their
existence and basic structure do not change, but the details of these systems arc constantly changing.
Scientists have devised a way to measure these changes in height by defining the oceans' dynamic
(changing) topography as a measure of sea level relative to the Earth’s geoid, » surface on which Earth’s
grqavl.ty field Is uniform. Using the Earth-orbiting TOPEX/POSEIDON saellite, oceanographers can for
the first time map ocean topography with enough accuracy to study the large-scale current systems of the
world's oceans, From these ocean topography maps, oceanographers can cal culate the speed and direction

»~ * of ocean currents in the same way that meteorologists use maps of atmospheric pressure to calculate the

A speed and direction of winds,

+ 1 This map of ocean dynamic topography was produced using data obtained by the TOPEX/POSEIDON
radar altimeters during the period September ] 992 to September 1993 the satellite’s first year of
operation, Thetota] relief (from high to low) shown in this image is about 2 m. The maximum sea elevation
is located in the western Pacific Ocean northeast of the Philippines, and the minimum sea elevation is
around Antarctica. In this image, ocean currents are represented by white arrows. The longer the arrow,
the greater the speed of the current. Speeds greater than 10 cm/s are represented by thick arrows. Only
' average speeds of large currents are shown.

. *Inthe Northern Hemisphere, ocean curients fiow clockwise around the highs of ocean topography and
counterclockwise around the lows, This process isreversed in the Southern Hemisphere. The oceans’ major
current systems—such as Kuroshio (south and east of Japan), the Gulf Streary; and the Antarctic

Circumpolar Current—are clearly visible in the image
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Telecommunications
The normal data acquisition service utilized is the

been observed on the satellite. This “anomalous
force” also was modelled, in this ease after launch, to

(Gr1EeT

NASA TDRS System (TDRSS). This requires com- ~ 8ccount for its effect on pre_cision orbilﬂietelzmination
municating through a geosynchronous relay satellite. and also on the predicted time for orbit maintenance
The HGA is required to provide sufficient link gain =~ MaNeuvers. . .
\tGSrEIzTy the 16 kb/a data streany, and the 512 kb/s .Thehsat.el lite Wasf Vﬁr y caefully designed to mll;}l-
playback stream-in the normal dperations scenario.  Mize the impact of the rad|at|op environment. The
This antenna must be pointed at the TDRS in use.  Solar array was oversized sufficicatly to account for
The OBC orbit models knowd where, in the satellite  the degradation due to solar and trapped radiation,
coordinate frame, the TDRSs are, and 5o th,OBC ~ With a safety factor of 2. Thus, the array puts out
commands the pointing of the antenna. excess power early in the mission and this allows the
’ array pitch-angle offset. “f’he MM S was analyzed for
Orbit acquisition and maintenance parts susceptibility. Methods such as ray tracing were
\ _— o o e Used tO calculate the specmc radlatlon levels expected
- * extra Fs);nc)dmg‘
[wo v A\{&/‘/W levels of SC&M fe twscepct)ict?ﬁ?y?
Maneuver W@B Ao &rwsm v Hie t “‘ﬁdwe'fe.“;;
pe was determin
Sadellite Aose & ANeY \/Lys e of 5, SSALT and
Y
Several meled! econd oJ\ok f\"\n?«m%wn ed .
W fctated by the
V\m of a e vallimeders pes Second, unch environ-
Manewvers are required Jy correct {ov lawaed pn flown before
- aintics,
\;U&uﬁ& AV OV nd “f“ ’ we change upward
doliw velo ot awxfw Mp i, the TOPEX/
ic design was
AV AYD ¥ awv\/& ?\‘&C&C\W Y\:\?Z’Q Nowm to wvod Igrclalysesg modal
m,wa )[YM mw,ys . |ruv\ MENCdvers dre to y one-axis sine
MmerOduin dhe orbid | once estublished, it o &
'Przusww ok o Fewy pevcenh,
T S e I b et b g e scenario is very
to ?s&lrfer;hat t_rll?] ntet tI?rust r\llsé:tgrl;skth;nljghntfrl]e simple--the ALT is on,in track mode, with the
center OF Mass, The tanks carmed 217 kg a 1aunch, i smeter acquiring data simultaneously. In paral-
and currently have.enough remaining to provide for lel, the DORIS is on the receive mode (operated
Q?;y t)(\eears;glfl i(t’gb(':f) Jlncilgzcrx':]aor\‘/ceed tsg“;ﬂlgv\}geor;gie? through CNES), and the GPSDR is operating as an
' L . ’ experiment. The integration of these sensorsis, how-
out of the radiation environment. ever, somewhat more involved, For equipment safety
Environmental design reasons, since the ALT and SSALT share the same
nlal desig antenna, it is a requirement that the SSALT and ALT
Thermally, the satellite operation is areasonably  not be in track mode simultaneously. The SSALT is
steady-state consumer of power,andhencethe  operated in place of the ALT about 10% of the time.
thermal control in primarily passive. Thisisimport- . o
ant wprovide a constant thermal signature to the Frecision orbit determination
orbidextermination process. For this satellite, 150 W The TOPEX/POSEIDON mission requires that the
ofttermal radiation modelling error is equivalent to  radial position of the satellite be determined with an
about 1 em in radial - ition uncertainty. The  accuracy of better than 13-cin rms. The total mission
solar array is a large Contributor to the o performance to date has this requirement being ac-
determination model. Its thermal design was carefully™ complished at less than 4 cm, The process and the
mode%cd to amount for the solar radiation reflected  activities before launch contributed significantly to
and régadiated from the array. Becausethe array has  this difference between 4ive rcquucmcnt,%n nd sk actual ~

a 5°-100 temperature differential from sunside to
shaded side of the array, the array warps from a
planar surface. This provides significant forces to the
satellite. These forces have been modelled in the
X ground-based ort@;gktemﬁnauon process. With the
canting of the array away from sun-normal, in order
to control battery charge current, a ncw force has

performance. Initially the TOPEX Project had estab-
lished the TOPEX Precision Orbit Deter mination
Team, ajoint cffort between NASA/
Goddard Space Flight Center and the University
of Texas at Austin, with the collaboration of the
University of Colorado and the Jet Propulsion
Laboratory. During the years prior to launch, this

P
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Precision Orbit Determination Team defined,
improved, and cali bra ted the precision orbi@etermi -
nation processing system. After ajoint project was
established with CNES, the team was enhanced with
French participation. Significant accomplishments
included increasing the accuracy of the gravity and
surface force models, and sle¢ improving the per-
formance of the satellite laser-ranging systems used
by NAS. for e precision orbit determination, as
well as,the DORIS of the tracking system used by
CNES for its precision orbit determination. Results
of al these efforts prior to launch led to orbit
accuracies for TOPEX/POSEIDON that are signifi-
cantly improved over the original mission require-
ment, Performance of the Precision Orbit
Determination Team is a collaborative effort between
NASA and CNES and the total analyses use al data
types in one fashion or another to provide the best
orbits available to the scientific community. Primar-
ily, use is made of laser and DORIS data and some
selected gravity f|eld tuning has used GPS data. This
has provided unprecedented knowledge of the
satellite in space relative to the Earth’s mass with an
rrns error of less than 4 cm.

Verification process

During the first 6 months of the mission, the
primary objective was to caibrate the mission’s
measurement system and verify its performance. The
TOPEX/POSEIDON Project established two dedi-
cated sites for this calibration and verification effort:
Point Conception off the coast of California, and
Lampedusa |sland in the Mediterranean Sea. Verifi-
catlon campalgns have also been conducted by mis-

CIEma -.- PO TP AF oD w3 e nA tHhA gl A
sion scicptists at a numbc of sit around the world.
Duri ﬂ} a%ﬁlnﬁ tio jing\ %ﬂﬂ@
Qi R it to {i?w?:-mnc the maawtsﬂh&

force models, as well as tracking station coordinates
for computing the precise orbit for the mission.

At Point Conception, NASA installed sophisti-
cated scientific equipment on an oil platform, which
is owned and operated by Texaco Oil Company, to
btain\surface measurements used for_calibrating the
lement consists
ofjthrgeide gauges for measurin seajlevel, a GP

i platfo
andf dorcalibrating ionospheric patth didlay, a wal
vapor radiometer for calibrating tropospheric path
delay, and ancillary equipment used to measure rela-
tive humidity, barometric pressure, water tempera-
ture, water conductivity, and air temperature. The
calibration methodology isillustrated in Fig. 2 where,
as the satellite overflies the platform, it is observed by
laser, GPS, and DORIS tracking systems. The alti-
tude of the satellite at the time-of-closest approach to

the platform is determined using precision orb;@

determination techniques. The position of the verifi-
cation site is established by reducing data obtained
from a GPS receiver located at the site, In situ

'n7at CNES in Toulouse, France, have bproduocd, gia
s()rvrod ucts (Geophysical Data,(liecords
t

X

measurements of sea level relative to the GPS receiver
are obtained from tide gauges.

‘I he Verification Phase was completed at the end of
February 1993. A workshop involving the mission
engineers and scientists was then held to review the
verification results. The conclusions of the workshop
indicated that all the measurement accuracy reguire-
ments had been met and many of the measurement
performances had exceeded requirements [1]. After
minor modification of the science algorithms based
on the workshop results, the mission’s ground system
began processing and distributing the Geophysical
Data Record (GDR) and the baseline science data
product of the mission in late May 1993.

5. SCIENCE

Current results

As indicated previously, the mgjor verification
workshop-ok place in February 1993,at the
Jet Propulsion Laboratory, Pasadena, California,nd
provided the initial evaluation of the mission per-
formance. Subsequent to that, the Science Working
Team met in Toulouse, France, in December 1993,to ,
reassess the results of the data being provided by the
TOPEX/POSEIDON mission and also to further
exchange preliminary science results from the mis-
sion, One of the key factors in evaluating the
TOPEX/POSEIDON data act is the preliminary as-
sessment of the measurement accuracies. This is
summarized in Table 1. The single-pass height
measurement is less than 5 cm versus the requirement
of over 13 em The mgjor contributing factor to this
performance is the radial height measurement per.
formance or the orbit. The orbit error budget is
summarized in Table 2.

This type of meas rcmcn!, +couplcd with « very X
accurate carctaking g the orbit ina X
4+ 1 km repeat ground track every 10 days, yielded an
excellent quality of data being provided to the princi-
pal investigators and associated oceanographers for
thefirst 2 years of the mission. It should alsobe noted
that the ground-processing systems at both the Jet
Propulsion Laboratory in Pasadena, California, and

mtcrfaoc
remcly timely manner. The systems

with and provide data directly to the users are the
Physical Oceanography Distributed Active Archive
Center (PODAAC) a JPL and AVISO a CNES,
Toulouse, France. They have been extremely respon-
sive to the needs of the science users and effective with
timely data deliveries. This has been a significant
factor contributing to the success of TOPEX/
POSEIDON to date.
Some of the current science results include:

. The TOPEX/POSEIDON data show very good
agreement with ocean models indicating that the
data can be successfully assimilated into global

L(’DFS”
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ocecan models for estimating the time involved in
the three-dimensional field flow.

« The seasonal change of sea level in the Northern
Hemisphere is approximately 50% larger than that
in the Southern Hemisphere. This previously un-
known asymmetry indicates that the air-sea-beat
exchange is much stronger in the Northern
Hemisphere.

« The TOPEX/POSEIDON data compares extremely
well to the Pacific TOGA moored array. The

\-6 comparison demonstrated the: strength of the
\n %> TOPEX/POSEIDON sampling kg detecting the 20-
N day instability waves that the TOGA array“{§’not

able to fully resolve.

. The geographically correlated orbit errors of
TOPEX/POSEIDON have reached an unprece-
dented low level: 2 cm for the JGM-2 orbit and
1 cm for the JIGM-3 orbit.

« The extremely low geographically correlated error
has significantly enhanced the value of the data
for studying the genera circulation of the ocean.
Demonstration has been made in the Atlantic

Ocean.
« The new tide models derived from the
oV ,f/ TOPEX/POSEIDON data have reached 2-3 cm

accuracy, a factor of two improvement liﬁ'yexisting
models.

« The new tide models have eliminated tides as a
major error source for altimetric studies of ocean
circulation.

These are just some of the science results from
TOPEX/POSEIDON to date, There are a number of
papers that can be used to obtain more information
on the science results[1,2, 5--8].

Figures 3, 4;and 5 produced by Dr Lee-Lueng Fu
and his oceanographic group at the Jet Propulsion
Laboratory, show some of the results from
TOPEX/POSEIDON to date.

6. CONCLUSIONS

The TOPEX/POSEIDON mission has successfully
completed its first 2 years of operation. The satellite,
instrument complement, and the ground system, have
been performing very well in providing unprece-
dented measurement accuracy in support of global
ocean topography for science investigations. The
overall measurement system has been providing data

Aed [raR-which=have been assessed continuoudly over the 2
years with an rrus accuracy of a single pass sea-level
measurement that is less than 5 cm, This is a most
significant improvement over the requircment of
13.7cm. This overall measurement performance

>( . . 9~being=welsreved can bc attributed to a number of]
X factors, starting with pr%brojcct planning. Recog
nition of the total mission as a measurement syste

hecring Staffs & NASA and CNES to overall mcasurew\d\

inthep: gdj/areject years was a factor. Strong collabor-
ation and interaction between the science and engin-
eering teams was also a key factor in obtaining these e
measurements today. The sensitivity of the ongia- 6(“,( Q r(’c@
ment_ requirements, whicti reflected into the design sf_~ 9" -
the instrument suite as well as the satellite, was
another factor. Total mission design, which later
translated to mission operations, also maintained a
high sensitivity to the objective of the measurement

required. These are some of the key factors which-f b -

have contributed SAR-fsi—fis-{gpsignificantly to the

first 2 years of “outstanding per formance by ™ =

TOPEX/POSEIDON. ~ \\
However, al the major factors) smanagement,

scientific, and technicslwhielr_contributed directly  #wa #

and indirectly to these outstanding 2 years have had~ —*

a common critical characteristi¢;aeross—them-—all-—=

TOPEX/POSEIDON has been very fortunate to ha\g

e

beChighly competent and

AN e g --MEa and
extremely dedicated(® this mission. Thisistheone Jovue,,
overwhelming characteristic that has contributed Y& #'c/pq,
most to TOPEX/POSEI DON’s success, "
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